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FOREWORD 

This  technical  note  was  prepared  under  Project  3048,  “Aviation  Fuels,"  and  Task 
30193,  “High  Energy  Fuels,”  by  James  H.L.  Lawler  of  the  Fuels  Section,  Fuels  and 
Lubrication  Branch,  Applications  Laboratory,  Materials  Central,  Wright  Air  Development 
Division.  It  was  prepared  largely  from  data  included  in  the  National  Bureau  of  Standards' 
Report  RP  1932,  and  data  from  the  Cambridge  Corporation,  the  latter  being  used  as  a 
check. 

This  note  covers  work  for  the  period  May  1960  to  June  1960. 
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ABSTRACT 

The  effect  of  para -ortho  shift  is  found  on  heat  exchanger  design  by  calculating  heat 
exchanger  sizes  for  several  hydrogen  to  nitrogen  flow  ratios.  This  calculation  shows 
that  size  is  exponential  to  a  limit  when  plotted  against  lbs  of  H2  /  lbs  of  N2  (#H2)  flow 
and  that  para-ortho  shift  has  a  pronounced  effect  above  5#H2/#N2. 


PUBLICATION  REVIEW 


This  Technical  Note  has  been  reviewed  and  is  approved, 
FOR  THE  COMMANDER: 


L.C.  DICKEY 

Ass’t.  Chief,  Fuels  &  Lubrication  Branch 
Applications  Laboratory 
Materials  Central 
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INTRODUCTION 

The  purpose  of  these  calculations  is  to  evaluate  the  effect  of  para-ortho  shift  on  the 
heat  exchanger  size  when  using  hydrogen  as  a  condensing  media  for  nitrogen. 

DISCUSSION  OF  METHODS  AND  RESULTS 

The  Newtonian  heat  exchanger  equation  (Q  =  UAAT)  was  assumed  as  a  basis  for  cal¬ 
culations,  where  Q  =  heat  flow,  U  =  overall  heat  transfer  coefficient,  A  =  area,  and  AT  = 
change  in  temperature. 

As  a  first  approximation  normal  hydrogen  was  assumed  to  have  the  same  specific 
heat  (Cp)  as  para  hydrogen,  and  the  total  AQ  was  found  for  normal  hydrogen  to  nitrogen 
heat  exchange  and  for  a  normal  hydrogen  plus  heat  of  conversion  (of  para  to  ortho 
hydrogen)  to  nitrogen  heat  exchanger.  This  is  found  in  Appendix  I  in  detail. 

It  must  be  realized  that  the  normal  hydrogen  curve  is  valid;  however,  the  normal 
hydrogen  plus  a  heat  of  conversion  curve  is  artificial  and  has  no  real  meaning.  The 
artificiality  is  useful,  however,  to  predict  the  difference  between  para  and  equilibrium 
hydrogen  curves.  This  is  found  and  justified  later  by  comparison  with  the  calculated 
para  curves. 

The  enthalpy  of  para  hydrogen  was  calculated  from  normal  hydrogen  data  and  heats  of 
conversion.  This  is  shown  in  Appendix  I,  figures  12  and  13. 

From  the  calculated  enthalpy  of  para  hydrogen  the  size  of  para  hydrogen  and  para 
hydrogen  plus  heat  of  conversion  to  nitrogen  heat  exchangers  were  calculated.  The  re¬ 
sults  are  shown  in  the  Appendix  1. 

The  size  of  the  H2  -  N^  heat  exchanger  is  found  to  be  an  exponential  function  with  a 
limit  when  plotted  vs  flow  ratio  of  #N2/  #H2  as  shown  in  Figures  4,  5,  6,  14,  and  15. 

The  effect  of  para-ortho  shift  is  shown  in  Figures  7,  16  and  17  and  becomes  quite  im¬ 
portant  above  a  flow  ratio  of 

Manuscript  released  by  author  October  1960  for  publication  as  WADD  Technical  Note. 
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The  effect  of  nitrogen  pressure  variations  is  shown  in  Figure  11  of  Appendix  I. 

A  sample  calculation  of  a  heat  exchanger  weight  is  made  in  Appendix  II. 

The  difference  between  normal  H2  plus  heat  of  conversion  and  para  hydrogen  is 
shown  in  Figure  16. 

CONCLUSIONS 

The  size  of  a  H2-N2  heat  exchanger  condenser  is  exponentially  a  function  of  flow  ratio 
of  #N2/#H2.  This  is  in  agreement  with  the  literature.  The  function  is  such  that  at  800 
psia  hydrogen  and  20  atm  (194  psia)  or  33.5  atm  N2  being  cooled  from  300®  or  500*R,  a 
straight  line  assumption  is  reasonable  below  the  flow  ratio  of  5#N2/#H2.  Above  this 
value  the  assumption  is  poor. 

The  effect  of  hydrogen  para-ortho  shift  on  heat  exchanger  design  is  small  at  low  ratios 
of  #N2/#H2  up  to  3#N2/#H2.  Above  this  value  it  becomes  a  minor  factor  and  should  be 
considered.  Above  5#N2/#H2  the  para -ortho  shift  affects  the  size  of  an  exchange  25  per¬ 
cent  or  more  and  is  a  major  factor. 


DATA  SOURCES 

The  enthalpy  of  H2  was  taken  from  NBS  RP  1932  and  Cambridge  Corporation  Data. 

N2  enthalpy  was  taken  from  WADC  TR  59-8,  Cryogenic  Data  Book. 

The  para-ortho  data  is  taken  from  Scott's  “Cryogenic  Engineering"  and  NBS  RP  1932. 

The  U  is  uken  from  WAIX!  TR  59-422,  the  final  report  of  AiResearch  Products,  Inc., 
under  Contract  AF  33(600)-34222. 
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APPENDIX  I 

EXPLANATION  OF  CHARTS 

The  calculations  are  based  on  the  temperature  increments  at  temperatures  listed  in 
column  1  in  the  Table. 

The  enthalpy  of  normal  hydrogen  is  taken  at  800  psia  (54.4  atm)  in  columns  2  and  3 
from  the  two  sources  and  averaged  in  column  4.  The  AH  for  n-H2  is  then  found  in 
column  5.  Column  6  is  the  change  in  enthalpy  for  each  temperature  rise  of  10,  20,  or 
SO^R  as  shown  in  column  1. 

Column  7  is  the  per  cent  ortho  H2  at  equilibrium  at  each  temperature  in  column  1  from 
NBS  1932,  and  column  8  is  the  heat  of  conversion  at  the  same  temperature  from 
“Cryogenic  Engineering;”  column  9  is  the  product  of  7  and  8  and  is  the  A  H  of  conversion 
for  para  H2. 

Column  10  is  taken  from  the  plot  of  the  sum  of  columns  6  and  9  (recorded  in  column 
19)  on  figure  1. 

Column  11  is  the  enthalpy  of  N2  in  BTU/mole  from  Cryogenic  Data  Book  at  20  Atm. 
Column  12  is  the  same  divided  by  the  molecular  weight  (28)  of  N2.  Columns  13  through 
18  are  the  products  of  column  12  and  the  constants  2, 4, 5, 6, 7,  and  8  to  represent  2  through 
8#  of  N2  condensed  per  This  is  plotted  to  complete  figures  1  and  2. 

Column  19  is  the  sum  of  columns  9  and  6. 

Columns  20,  23,  and  26  are  taken  from  figure  1  and  represent  the  temperature  dif¬ 
ference  (AT)  between  nH2  at  the  temperature  of  column  1  and  the  nitrogen  curves. 

Columns  29,  32,  35,  and  38  are  taken  at  the  same  enthalpy  as  columns  20,  23.  and  26 
but  the  temperature  difference  is  between  para-equilibrium  hydrogen  and  the  N2  curves. 

Column  UAj  after  the  above  AT  is  the  AH  change  in  enthalpy  (column  6)  divided  by  the 
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AT  and  as  such  is  the  amount  of  exchanger  necessary  to  perform  the  indicated  heat  ex¬ 
change.  This  comes  from  the  relation  Q  =  UA  A  T  where  Q  is  the  heat  flow  and  equals 
A  H  in  this  case,  and  AT  is  temperature  drop  causing  the  heat  flow. 

The  UA2  columns  are  the  sum  of  the  UA^  columns  but  are  more  accurate  than  the  sum 
of  the  rounded  figures  in  UA^  since  this  operation  was  performed  simultaneously  with  the 
calculation  of  UA^. 

Columns  41  and  47  are  the  same  as  Columns  12  to  18  but  for  33.5  atm  N2. 

The  data  Columns  41  to  47  are  plotted  in  figure  3. 

Figures  4  and  5  are  the  results  obtained  in  the  cumulative  UA  calculations  UA2  for  N2 
starting  temperature  of  300  and  SOO^R  respectively. 

Figure  6  was  estimated  by  comparison  of  figures  1  and  3  with  appropriate  values 
entered  into  figure  4  and  then  replotted.  When  figures  1  and  3  are  overlaid  they  allow 
estimation  of  #N2/#H2  between  the  integer  values  of  figure  1  which  would  have  the  same 
A  T  as  the  plot  in  figure  3.  This  value  when  entered  on  figure  4  gives  fair  estimates  of 
the  values  in  figure  6, 

Figure  7  is  obtained  from  figures  4  and  6  and  represents  the  effect  of  para  shift  on 
Heat  Exchanger  UA  (which  is  proportional  to  size  and  weight). 

Columns  60  to  73  are  the  data  for  figures  8  and  9. 

Columns  48  to  59  are  similar  to  20  to  40  but  are  the  data  needed  to  plot  figure  10. 

Figure  11  is  a  plot  of  the  effect  of  pressure  on  UA  at  5#N2/#H2  and  6#N2/#H2  with  and 
without  para -ortho  shift. 

Column  74  is  the  heat  of  conversion  if  normal  hydrogen  is  converted  to  para  (.75  times 
column  8). 

Column  75  is  the  total  change  in  74  and  as  such  is  the  A  H  of  the  para-ortho  shift.  This 
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value  is  the  number  in  column  74  subtracted  from  228,15  and  represents  a  cumulative 
difference  in  Cp. 

Column  76  is  the  sum  of  75  and  5  and  is  a  calculated  H  for  para  hydrogen.  This  is 
plotted  in  Figures  12  and  13. 

Columns  78  through  98  are  the  recalculations  of  columns  20  to  40  with  the  best  calcu¬ 
lated  value  of  para  hydrogen  enthalpy.  This  list  is  taken  into  account  by  additional  AT 
as  shown  in  column  77  which  is  taken  from  Figures  12  and  13. 
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APPENDIX  II 

SUPPLEMENTARY  DATA 

2 

Sample  calculation  of  heat  exchanger  weight  WAEXD  TR  59-422  lists  2.75  BTU/min  ft 
“R  as  a  reasonable  U  for  H2  to  He  heat  exchange  at  a  H2  Reynolds  number  of  23,900, 

This  value  is  probably  high  for  N2  but  since  the  H2  could  be  made  to  flow  more  rapidly 
to  compensate,  the  H2  to  He  value  has  been  used  in  this  calculation.  Desired  parameters; 
Ratio  of  Nitrogen  flow  to  Hydrogen  flow:  5.6  #N2/#H2,  N2  flow  rate  2000  #/sec,  3/8  inch 
aluminum  tubing  with  1/100  inch  wall. 

1.  H2  flow  #/sec  =  2000/5.6  =  357,1  #/sec 

2.  UA  at  5.6  #N2/#H2  =  10  (maximum  no  shift)  or  6  (minimum  100%  shift) 

3.  UA  is  in  BTU/“R  per  #  of  H2  basis  hence 

(UA  BTU/^R  60  sec/min  ...  oiow»2,ii  „  « 

^  ^  '  =  UA  (21.818)  ft  /#  per  sec  H-  flow 

2.75  BTU/ft  min^’R  ^ 

4.  A  =  (UA  ft^/#  per  sec  H2  flow)  (#  per  sec  H2  flow)  (21.818) 

A  max  =  (10)  (21.818)  (357.1)  =  7791.2 

A  min  =  (6)  (21.818)  (357.1)  =  4674.7 

5.  Area  of  3/8  inch  tubing  is  (3/8)  Tr/12  =  .098  ft^/ft  of  tubing 
(7791.2)/.098  =  795,020  ft  of  3/8  tube  maximum 
(4674,7)/.098  =  477,010  ft  of  3/8  tube  minimum 

6.  Weight  of  3/8  inch,  1/100  in  wall  tube  is  about  (.098  ft^/ft)  (1/100  inch  thick)  (1/12  ft/ 

inch)  =  8.1667  x  10'^  ft^/ft:  (8.1667  x  10"^  ft^/ft)  (62.4  #/ft^)  (2.7)  =  1.376  x  10'^  #/ft 

of  tubing 

7.  795,020  ft  max  (1.376  x  10  ^  ^/ft)  =  10,939  #  maximum 

477,010  ft  min  (1.376  x  10  ^  #/ft)  =  6,564  #  minimum 
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TABLE  f 
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53 
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15.469 


11.340 
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32.5  39 
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165  198 


240  288 


450  540 


6  18 
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590  708 


620  744 


650  780 


675  8  10 


705  846 


AT  UA,  UA 
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100  .150 
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no  .382  .916 


108  .426  1.342 


98  .439  1.781 


88  .523  2.304 


78  .500  2,804 


65 


58  .655 


48 


38  ,921  5.751 
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62 
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3LE  I  CONTINUED 

45  46  4 


ons  (33.5  AM) 


455  52 


66 
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50  .780  4.090  58 


40 


30 
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12.223  39  1.176  7.378 
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50 
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If 
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80 
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70 
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75 

60 
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50 
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560 
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2 
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85 
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87 
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88 
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83 
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77 
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.  Nitrogen-Hydrogen  Heat  Exchange  at  20  ATM  N^  Pressure  and  800  PSIA  H 
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Figure  3.  Nitrogen-Hydrogen  Heat  Exchange  -  Np  at  33.  5  ATM  (Critical),  H,  at  800  PSIA. 
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Figure  4.  Nitrogen-Hydrogen  Heat  Exchange—  Figure  5.  Nitrogen-Hydrogen  Heat  Exchange— 

20  ATM  N?  at  300"  to  140^R  with  H,  at  800  PSIA.  20  ATM  N2  from  500®  to  140  R  with  H2  at  800  PSIA. 
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Figure  7.  Per  Cent  Increase  in  Size  and  weight 
of  Exchanger  When  No  Para-Ortho  Shift  Takes 
Place. 
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e  10.  Nitrogen  to  Normal  Hydrogen  Heat  Exchange  for  Various  Nitrogen  to  Hydrogen 
Ratios. 


Figure  11.  Effect  of  Nt  Pressure  on  UA  in  Exchanger  Design 
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Figure  12.  Calculated  Enthalpy  of  Para  Hydrogen  at  800  PSIA  from  Normal  Hydrogen 
Data—  40  °  to  300  “  R. 
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Figure  14.  Nitrogen-Hydrogen  Heat  Exchange-- 
20  ATM  N2  from  300  ^  to  140°R  with  800  PSIA  H^. 
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Figure  15.  Nitrogen-Hydrogen  Heat  Exchange-- 
20  ATM  N2  from  500  °  to  UO^R  with  800  PSIA  H2. 
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Figure  16.  Per  Cent  Increase  in  Weight  if  No 
Para-Ortho  Shift  Takes  Place. 
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Figure  17,  Difference  Between  Normal  Hydrogen 
Plus  Heal  of  Conver.sion  and  Para-Equilibrium  Type 
Calculation  for  Increase  in  UA. 


UNCLASSIFIED 


I  55  ^  I 

W  5  < 

8*=*  ( 

^  a  ' 

’  ^  ES  «  : 
'  z  w  .  f 
!  •y  E5  <=>  r 

}  Z  p  ^jP  J 
I  W  CO  OJ  ( 

8  CO  *H  « 

w  t, ; 

i§S|; 
iSS  is 
laas- 

J  Z  H  *  • 

;  o  <  S3 
;§|!- 
!  I  i  : 

.  $  w  ®  , 
’  S  H  S 

<  H  <  s 
:  X  u  2  . 
<  w  s  ; 


I  “ 

m  Is 

c  T! 

S  »  3 

s 

*0  2** 
>  i  » 

^  §  I 


u  rt  ^ 

^  S  < 


G.  03  4) 
4)  > 

O  *0  <U 

t;  “ 

Si  “  ►< 

«  M  JS 
Sd  c  '« 
4)  S  M 

A>|  4) 

^  O  lO 

H  S  « 


3  3 

•«J 

«  13  z 


2  «  ? 

be  5  p 

o  ^  S. 


4>  ^  a 

o  ^  c 
«  3  i! 
4-  ii  f 

'£  a  ’ 


UNCLASSIFIED  I  UNCLASSIFIED 


